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1. Introduction

Due to an increasing demand for actions to limit climate change,
alternative renewable energy research has intensified in several areas,
especially in the biomass, solar, and wind energy categories[1-3]. A ‘Sco-
pus’ search with the keyword “renewable energy” indicates an almost
33-fold increase in the number of articles published between 1999 and
2019. Amongst many others, bio-electrochemical systems (BESs) are an
emerging set of renewable technologies that appear frequently in the
Scopus search. The major categories of BES include microbial fuel cells
(MFCs), microbial electrolysis cells (MECs), microbial desalination cells
(MDCs), and microbial electrosynthesis systems (MESs). Notably, MFCs
are a subset of BES that capitalize on the ability of electroactive mi-
croorganisms to transfer electrons from the oxidation of organic car-
bon to a solid electrode, for the production of electricity [4]. Similar
to traditional fuel cells, the distinguishing advantages of MFCs include
milder operation requirements (ambient temperature, normal pressure,
and neutral pH) and the virtually unlimited range of potential biofuels
(sources of biodegradable organic carbon) [5].

In a functional MFC, the most essential components include an an-
ode and a cathode, as well as the carbon source. Several previous stud-
ies outline different kinds of electrode configurations, electrode types,
as well as the development and testing of new electrode types [6-8].
The carbon source is the most important component because it directly

affects the overall composition of the bacterial community in the an-
ode biofilm and the performance of the MFC (power density, coulom-
bic efficiency, etc.) [9,10]. Over the years, carbon substrates, especially
easily degradable compounds like acetate and glucose were commonly
used in MFC studies. However, with the realization that pure substrates
limit practicality, recent studies have been focusing more on the usage
of more unconventional carbon sources typically in the solid or semi-
solid form. These solid organic matter (SOM) sources include sewage
sludge, biomass, food waste, and soil. The advantages of SOM-MFCs
(SOM-MFCs) include the provision of a stable environment for the an-
ode microorganisms without the need for frequent replacement, steady
current output, rich bacterial species, and low energy consumption in
substrate transport [11].

In 1911, Potter first reported that bacteria such as bacteria and fungi
can generate electric current [12]. Twenty years later, Cohen confirmed
the results of Potter and reported a voltage of 35 V and a current of
0.2 mA from a stacked bacterial fuel cell system [13]. Notably, after
Habermann and Pommer [14] first harvested electrical energy from a
biological fuel cell with a solid substrate (coarse clay) different types of
SOM-MFCs have been reported in literature[132-139]. Nevertheless, of
the 845 review articles published on “microbial fuel cell” between 1962
and 2020 (Scopus data), none of these reviews focused on the SOM-
MECs category. Even popular reviews such as Pant et al. [11] and more
recent ones such as Zhang et al. [15] did not comprehensively classify
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organic substances in detail or properly highlight the solid organic mat-
ter category despite the abundance of related keywords in literature as
shown in Fig. 1. Consequently, this review aims to fill the identified
literature review gap on solid organic matter usage in MFCs by com-
prehensively synthesizing published datawhile summarizing, in order
of performance, keystone studies as a reference for future studies. We
also highlight possible future research directions to further improve the
upscaling and practical usage of these MFC types.

2. Methodology

This review utilized the bibliometric analysis method to categorize
available literature and to access the development progress and chal-
lenges, within the SOM-MFC category. A bibliometric analysis is a mech-
anistic approach, used in several studies to understand the global re-
search trends according to the academic literature database. All data
mining for this review was extracted from numerous articles published
as of July 30, 2020, from the Scopus database while excluding re-
dundant points. Specifically, literature from 2014 to 2020 containing
“microbial*fuel*cell” was performed by utilized query string TITLE-ABS-
KEY (microbial AND fuel AND cell) AND (LIMIT-TO (PUBYEAR, 2020)
(PUBYEAR, 2019) OR LIMIT-TO (PUBYEAR, 2018) OR LIMIT-TO (PUB-
YEAR, 2017) OR LIMIT-TO (PUBYEAR, 2016) OR LIMIT-TO (PUBYEAR,
2015) OR LIMIT-TO (PUBYEAR, 2014)). Scopus keywords were then ex-
tracted from the article title, abstract, keywords, or main content. To
narrow the search of the SOM-MFC category, distinct keywords includ-
ing “sludge”, “algae”, “lignocellulose”, “waste”, “soil”, “plant” and “wet-
land” were used by query string e.g. TITLE-ABS-KEY (microbial AND
fuel AND cell AND sludge) AND (LIMIT-TO (DOCTYPE, "ar")).

Based on the structure of the articles and information derived from
the bibliometric search and analysis, key aspects of SOM-MFC litera-
ture were identified for further discussion in this review. Within each
of the categories, summary tables of representative peer-reviewed arti-
cles are presented. In particular, we carried out normalization of results
when needed to enable comparison of data. The discussion is then fo-
cused on key studies (based on performance metrics such as power den-
sity, coulombic efficiency, or removal efficiency) within each category
to highlight multi-perspective insights that future studies may consider.
Finally, a synopsis of the microbial population was found in SOM-MFCs
is presented.

pmfc system

pmfc

smfcs
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Fig. 1. The relationship between keywords in
published SOM-MFC articles. The data is based
on the number of articles mentioning “renew-
able energy/MFC” in the citation database Sco-
pus in July, 2020.
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3. Discussion
3.1. Trend analysis

Through a preliminary analysis of Scopus data, we found that from
a total of 5562 MFC published articles, studies within the SOM-MFC
category account for 30.38% (1690), from 2014 to 2020. As shown
in Fig. 2(a), annual publications have increased steadily from 2014 to
2017 (SOM-MFC: 181 to 273, MFC: 632 to 921). Then, a slight turning
point appeared in 2018, both the number of SOM-MFC and MFC articles
were decreased (SOM-MFC: 241, MFC: 864). In 2019, the number of an-
nual publications increased again, which was higher than in 2017 (SOM-
MEC: 318 vs 273, MFC: 954 vs 921), until July 2020, the total number of
SOM-MFC articles still showing an upward trend (221). Fig. 2(b) shown
the percentage trend of SOM-MFC articles in MFC articles from 2014 to
2020. An upward trend can be seen from 2014 to 2016, while it began
to decline from 2017 until the end of 2018. In 2019 and 2020, SOM-
MEC publications increased in proportions exceeding the previous five
years (33.37% and 33.43%, respectively). It was in 2017 and 2018 that
researchers paid more attention to wastewater-based MFC (WW-MFC)
than SOM-MFC (2017: 301 vs 273, 2018: 247 vs 241).

For six years, a total of 1690 SOM-MFC articles have been published,
and the percentage of MFC with different types of solid carbon source
substrates is shown in Fig. 2(c). It can be noticed that the number of
articles about sludge biomass-based MFC was the highest (30%), fol-
lowed by natural solid-phase substrates (plant: 27%, wetland: 11%), and
agricultural biomass was the lowest (lignocellulose: 2%). The upward
trends of plant-based MFC (PMFC) and wetland-based MFC (CW-MFC)
were particularly obvious, and the upward trends of algae, biowaste,
and soil-based MFC (BW-MFC and SMFC) were slower, while the focus
on lignocellulose biomass decreased (Fig. 2(d)). The surge of PMFCs
in recent years could be due to their easy integration with plants which
continually provide organic matter for a longer period. PMFC has a wide
range of cultivation which includes paddy fields, indoor plants, even
green roofs or rooftop gardens, etc. [16]. By extension, all-natural solid-
phase substrates have become more attractive to researchers in recent
years due to their inherent advantage of ease of operation and mainte-
nance. This is not the case for lignocellulosic materials though, despite
its abundance as lignocellulosic biomass, however, they cannot be di-
rectly utilized by microorganisms in MFCs [17,18]. Also, no effective
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Fig. 2. Based on scopus retrieved published
data from 2014 to 2020, the annual and the
cumulative number of (a) articles on MFCs and
SOM-MFCs; (b) the percentage of SOM-MFC
articles in MFC articles; (c) the percentage of
different types of SOM-MFCs; (d) the number
of research articles on different kinds of SOM-
MFCs.
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microorganisms for the conversion of pentoses (one of the main compo-
nents in lignocellulose hydrolysates) have been found [11], leading to
a general decline in publication trends.

Based on the trend analysis of the Scopus data, several key aspects of
SOM-MEFC literature were identified for focus in this review. These in-
clude reactor design, electrode components, substrate selection, testing,
and their applications in the field.

3.2. Configuration

In MFCs, organic materials are oxidized by electroactive bacteria in
the anodic chamber and the electrons transfer from the anode to the
cathode due to the difference in electrode potentials, generating cur-
rent [19]. In SOM-MFCs, before the electroactive microorganisms can
use the SOM carbon source in the anode chamber, the macromolecules
in SOM must be hydrolyzed into simple molecules [15]. Typically, SOM
transformation to a carbon source suitable for electroactive microorgan-
isms is accomplished by a consortium of hydrolyzing microorganisms in
several sequential steps involving hydrolysis, acidogenesis, and aceto-
genesis [15].

3.2.1. Chamber configurations

Fig. 3 shows some photographs of SOM-MFC chamber configura-
tions. There are five major design configurations used for SOM-MFC sys-
tems [20]. These configurations are classified based on the chamber(s)
design or flow organization as: single-chambered MFC, two-chambered
MFC, upflow MFC, tubular MFC, and stacked MFC. Notably, single-
chambered and two-chambered are two main configurations of SOM-
MEC (Fig. 4(a)).

The cathode of single-chamber SOM-MFC is exposed to air directly,
therefore, it uses oxygen as the terminal electron acceptor. The advan-
tages of single-chambered design include low construction cost, low in-
ternal resistance, and avoidance of the use of catholyte. As a result,
these MFCs often produce a high power output [21]. However, it has
some limitations. (1) Oxygen can diffuse into the anode chamber reduc-
ing coulombic efficiency; (2) the limited distance between the anode

@

and cathode increases the risk of the short circuit [22]; (3) In tradi-
tional single-chamber (top cathode, bottom anode) design, it is hard
to change/check the anode electrode at any specific time. To date,
the highest PD obtained in a single-chambered SOM-MFC is 2770 +30
mW,/m? from a lignocellulosic biomass as described byCatal et al. [23].
It should be noted that despite the obvious limitation with lignocellu-
losic substrates, this performance may be due, in part, to an effective
pretreatment process. In addition, an anode with a larger surface area
was used in the single-chamber MFC effectively reducing the anodic
limitation and improving the production of electricity.

In a two-chambered MFC configuration, the anode chamber and
cathode chamber are connected by a proton exchange membrane (PEM)
[24]. PEM is widely used in two-chambered SOM-MFC to separate
the anode and cathode chambers. PEM features such desirable proper-
ties as selective permeability, fast transport of cations, and can with-
stand inactivity without deteriorating in performance [25,26]. Two-
chambered SOM-MFC has been shown to have some advantages over
single-chambered designs mainly because it reduces the effect of oxygen
diffusion to the anode [27]. However, due to their complex designs, the
cost of two-chambered SOM-MEC is higher than single-chambered ones,
while the PD is lower due to the higher internal resistance. To date, the
highest PD obtained in double-chambered SOM-MFC is 5500 mW,/m?
in the study of Zafar et al. [28], who utilized petroleum-contaminated
soil as the substrate in an MFC. In this study, the two-chamber structure
was used to maintain anoxic condition in the anode chamber, while the
air cathode was fed by an aeration pumpresulting in a high PD.

Depending on the substrates, SOM-MFCs can also have a semi-open
style design as can be seen in soil and plant MFCs [29], where a strictly
anaerobic environment is not needed. Also, some multiple-chamber
SOM-MFCs have emerged to enhance multifunctionality,electricity gen-
eration performance and coulombic efficiency [30].

Overall, all studies show that the design, structure, volume,
shape, temperature, etc. of the MFC are very important for perfor-
mance(electricity production) and cost. Therefore, according to the
composition and texture of the SOM, it is better to design the optimal
chamber structure based on the characteristics of expected results as
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Fig. 3. Photographs of some SOM-MFCs configurations. A) Single-chambered MFC [1]; B) Two-chambered MFCs [2]; C) Upflow MFC [3]; D) Tubular MFC [4]; E)

Stacked MFC [5].

well as the cost budget. Fig. 4 (a) shows that single-chamber configura-
tion is the most popular in SOM-MFCs, followed by a two-chamber con-
figuration. In addition, although the internal resistance of two-chamber
MFC is generally higher, there are still some experiments that show that
two-chamber MFC can also be designed to have lower internal resis-
tance. In general, we find that the best configuration in terms of de-
sign is single-chamber, not only because of its low cost, but also be-
cause it could utilize a wider range of organic substrates and its easy
operation.

3.2.2. Electrode materials
3.2.2.1. Anode. The composition, morphology, and surface properties
of materials in the anode are important for optimal performance. Con-
sidering these properties, in the available literature, the most common
anode materials include carbon-cloth, graphite felt, granular graphite,
graphite-rods, carbon-brushes, carbon-paper, carbon-mesh, carbon-felt,
nickel foam, and carbon granules (Fig. 4b). Carbon-cloth, carbon-
brushes, and carbon-felt (Fig. 5a-c) are the most commonly used ma-
terials in SOM-MFCs. Carbon-cloth. (Fig. 5a) although expensive, has
many advantages, including high surface area, relatively high porosity,
high electrical conductivity, flexibility, and mechanical strength, etc.
[31]. Carbon brushes (Fig. 5b) have the highest surface area to volume
ratio and high electrical conductivity, however, the cost is high. Carbon
felt (Fig. 5¢) has high porosity and high electrical conductivity, and is
the least expensive [32,33]. The large pores allow bacteria to access
the 3D felt structure and colonize it, forming the biofilm internally and
increasing the electron transfer rate.

Based on the research of Penteado et al. [34], carbon felt has the
best performance in SOM-MFCs with PD of up to 420 mW/m?, as com-

pared to that of carbon cloth (0.76 mW/m?) and that of carbon paper
with the lowest value of PD (8.37 x 10~ mW/m?). The superior per-
formance of carbon felt can be attributed to the roughness and specific
area of the electrode which improves the concentration of adhered mi-
crobes on the anode electrode (the determining factor for choosing the
anode electrode material). Recently, anode modification is becoming
more popular in MFC research, as this is crucial in upgrading both in-
terfacial adhesions of bacteria and electron transfer from bacteria to
the electrode surface [35]. Zhao et al. [36] obtained more than 2000
mW/m? PD from lactate-fed MFCs with nanocomposite anodic mate-
rials (graphene oxide and stainless steel-based nanocomposites). Son-
awane et al. [37] prepared a conducting polymer-coated stainless-steel
wool as a low-cost anode for synthetic wastewater-fed MFCs with a PD
value of 2880 mW,/m?2. However, most studies on anode modification in
MFC research used liquid carbon source substrates, implying that more
work on anode modification based on the unique characteristics of SOM
substrates, could be a future area of research for new research. The mi-
crobial adhesion ability and carbon source aggregation ability of anode
materials should also be considered in SOM-MFC anode modification
research.

3.2.2.2. Cathode materials. The cathode material is also an important
factor in MFCs for achieving the highest coulombic efficiency or power
production [38]. Air-cathodes, aqueous air-cathodes, and bio-cathodes
are three main cathodes in SOM-MFCs.Carbon-based materials are com-
monly used as cathodes due to their biocompatibility, chemical sta-
bility, high conductivity, and low cost related properties. For other
materials, catalysts including oxygen reduction catalyst (Pt and Pt/C,
etc.), carbon-based catalysts (carbon black, activated carbon, carbon
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Fig. 4. (a) SOM-MFC configurations; (b) The
anode materials used in SOM-MFC; (c) the cath-
ode materials used in SOM-MFC.

Fig. 5. Digital photographs of SOM electrode
and carbon source substrates materials, a) car-
bon cloth; b) carbon brush; c¢) carbon felt; d)
carbon paper; e) graphite rod; f) graphite felt;
g) sludge; h) biomass; i) biowaste; j) soil; k)
plant and 1) wetland.
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nanofibers/nanotubes), metal-based catalysts (Fe, Co, Ni, and MnO,
etc.), metal-carbon hybrids (metal-activated carbon and metal CNTs,
etc.) are typically used [39,40]. Up until now, carbon cloth, carbon
felt, graphite felt, carbon paper, graphite rod, granular graphite, and
graphite fiber brush are the most commonly used cathode electrode ma-
terials in SOM-MFCs (Fig. 5).

Carbon paper (Fig. 5d) is a relatively porous planar carbonaceous
material which is not only fragile but also expensive [41]. Also, its per-
formance in SOM-MFCs is limited by the planar surface, as can be seen
when an algae-based MFC equipped with carbon paper cathode exhib-
ited a lower PD compared with carbon fiber brush (4.6 mW/m? vs 30
mW/m?) [42]. Graphite granules have a low surface area due to the
lack of activation, but a much higher electrical conductivity, and chem-
ical stability [43]. In a representative work carried out by Choi et al.
[44] a maximum PD of sludge-based single chamber air-cathode, MFC
achieved 370 mW/m? with the utilization of graphite rod electrodes
(Fig. 5e). Nevertheless, due to the low porosity and surface area for mi-
croorganism attachment, the application of graphite rods is currently
limited in MFC design. In particular, Chaudhuri et al. [45] found out
that when the graphite rod was replaced by graphite felt in mediator-less
MEFCs, the power output was increased threefold, indicating that a larger
surface area is necessary for optimizing MFC performance. Graphite felt
(Fig. 5f) is a useful porous 3-D electrode with mechanical flexibility,
compressibility, reasonable electrical conductivity, and reasonable cost.
Graphite felt is produced at high temperature leading to a high degree
of graphitization while carbon felt is produced at low temperature re-
sulting in a low degree of graphitization.

To date, when compared with other biocathode types such as those
made from carbon paper, stainless steel, graphite felt biocathode showed
the highest maximum current density and PD of 350 mA/m? and 109.5
mW/m?2, respectively [46]. The low catalytic activity of the cathode still
limits the performance of all types of MFCs. Also, traditional catalysts
use is discouraged due to their unsustainability and high costs. Espe-
cially, metal-based electrocatalysts can cause scalability problems for
MFC design, while it requires long time operation to generate power
during full-scale applications [47,48]. Therefore, there is a need to ex-
plore green renewable carbon materials (e.g. chitosan biopolymers) as
anode/cathode catalysts in SOM-MFCs. In a recent study, Tiirker et al.
[49] synthesized some smart electrocatalysts by chitosan polymer and
magnetic particles, enhancing the PD of MFC 15 times (1298 mW/m?
vs 87 mW/m?). It can therefore be suggested that innovating cathode
electrodes with environment-friendly, low-cost, stable performance cat-
alysts is a research area for SOM-MFC studies in the future.

3.3. Substrate categories

In SOM-MFCs, a wide range of solid or semi-solid substrates have
been used as the carbon source.. The most common substrates used are
sewage sludge, biomass, biowaste, and solid phase substrates. When
compared to pure non-solid organic matter substrates, SOMs have at-
tracted widespread attention due to the stable external environment it
provides within an MFC, and the accompanying diverse microbial com-
munity, as well as its low costs. Below we summarize the performance,
limitations, and further improvements to the common substrates types
that were found in the literature review.

3.3.1. Sludge biomass

Sludge is the semi-solid material produced in biological wastewater
treatment processes. It represents up to 2% volume of treated wastew-
ater [50] (Fig. 5g). Due to the large volume of sludge produced an-
nually, recycling is often necessary [51]. Therefore, as sludge contains
high concentrations of organic materials and microorganisms, it can be
used as a source of organic carbon in an MFC [52]. The majority of
bacteria in sludge include fermentative bacteria, sulphate reducers, and
methanogens (Methanosarcinaceae and Methanosaetaceae) [53]. MFCs

Chemical Engineering Journal Advances 8 (2021) 100140

fed inoculum with mixed cultures, therefore, have wider substrate ac-
ceptability, can utilize more complex carbon sources, and achieve sub-
stantially greater power densities than pure cultures [54]. Also, in addi-
tion to microorganisms found in sludge, a small proportion of inorganic
particles, organic fibers, extracellular polymer substances (EPS, biopoly-
mers, exopolymers), and ions can be found [55-57]. Therefore, due to
their wide substrate acceptability, inoculum from mixed cultures could
be affected by changes in the concentration of the other components of
the sludge.

Many sludge types have been tested in MFCs directly, including raw
sludge [58], primary sludge [59], digested sludge from anaerobic di-
gesters [60], as well as a mixture of primary sludge with primary ef-
fluent [61]. Suppl. Table 1 lists all the available studies using sludge
as substrate in an MFC, sorting them in order of performance of the
maximum power density.

However, as can be seen in Suppl. Table 1, despite the number of or-
ganic materials in the sludge, the maximum PD obtained from sewage
sludge MFC (13.5 yW/m?~2228 mW/m?, 563.8+733.05 mW/m?) is
lower than that obtained using easily degradable organics like acetate
(4~4590 mW/m2, 1299.05+1715.95 mW,/m?). Further literature re-
view shows that this is due to the slow hydrolysis of sludge biomass [62].
In reality, sludge biodegradability is typically limited to approximately
50-70% as a significant amount of organic materials in sludge are non-
biodegradable [62]. Also, part of the hydrolyzed carbon source can be
consumed by methanogenic Archaea [63]. Therefore, the complex com-
position, extremely slow hydrolysis rate, refractory organics in sewage
sludge, and the bacteria-influenced pathway of choice are limiting fac-
tors. As a result of this, it is recommended, that some form of pretreat-
ment is needed for optimal suitability of sludge in SOM-MFC. Physical,
chemical, and biological pretreatment methods that have been explored
to increase the dissolved organic concentration of sludge in SOM-MFC
include microwave crushing [60], ultrasonication [60,64], alkali treat-
ment [65], ozonation treatment [58], biocathodes [66], fermentation
[67], and aerobic digestion [68]. However, based on our analysis of
energy requirement and pollution potential of other methods, for op-
timal results, biological pre-treatment is the recommended method for
sludge biomass pretreatment before usage in SOM-MFCs. Examples of
performance improvement based on biological methods are presented
in the works of Zhang et al. [67] and Yang et al. [61] where about
90.8% of soluble chemical oxygen demand (CODs) and 82.42% of pro-
tein were released from sludge to solution by using the thermophilic
bacterium pretreatment at 65°C and PD increased from 0.87 W/m? to
1.03 W/m? after the addition of phosphate buffer to sewage sludge in
an MFC. Above all, finding green and environmentally friendly pretreat-
ment methods to increase COD release rate, reduce internal resistance,
and increase electron transfer rate could be the focus of future SOM-MFC
incorporating sewage sludge as the substrate.

3.3.2. Algal biomass

Algal biomass features heavily in the analyzed SOM-MFC literature.
In the past, algal biomass has been mainly used to produce biofuels,
methane, and hydrogen by various physical, chemical, and biological
methods [69,70]. However, due to the high level of proteins (about
30%) and carbohydrates (about 50%), both algae residue produced from
water/wastewater treatment processes and dry algae biomass are being
used as substrates in MFCs [71,72].

It is interesting to note that algae can be employed in both anode
and cathode chamber applications as shown in Fig. 6(a)&(b) & Suppl.
Table 2. In the anode chamber algae, biomass could be used as the car-
bon source in MFC [73]. In the cathode chamber, the oxygen produced
by algae during the light period can be used as an electron acceptor
[73,74]. This implies that catalysts can be replaced with the usage of
algae species as explored in several studies presented in Suppl. Table
2. Recently, integrated systems that combine microalgae growth and
energy production at the same time have been developed [75]. This
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Fig. 6. Schematic diagram of (a) cathode
algae-based MFC; (b) Anode algae-based MFC;
(c) soil-based MFC; (d) plant-based MFC; (e)
wetland-based MFC.
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method involves the use of algal biomass in the anodic and growth of
algae in the cathodic chambers of MFCs.

Based on the literature review, it can be deduced that the main is-
sue with the usage of algae as a substrate relates to the complexity and
strength of its cell wall, leading to a reduced coulombic efficiency sug-
gesting the need for some pretreatment methods. Pretreatment methods
such as the freeze-drying method have been shown to increase the maxi-
mum PD by as much as 4 times as demonstrated in some studies [76,77].
Based on our analysis of the available literature, other salient issues re-
lating to the growth time of algae, the difficult extraction process, and
system scale-up, are topics that should be considered for research in
future work.

3.3.3. Agricultural biomass

The most common agricultural biomass found in SOM-MFC research
is lignocellulose. Lignocellulose includes cellulose, hemicelluloses, and
lignin (more than 80% of the total dry weight), is a cheap and abun-
dant biomass material found around the world, provides a plentiful and
renewable resource for fuel and chemicals [78]. Lignocellulosic mate-
rials stem from a wide range of agricultural sources, energy crops, in-
dustrial waste, and softwood, etc. [79]. However, when it is utilized as
the substrate in MFCs, the microbial community of both cellulolytic and
exoelectrogenic activities are required [80].

Although lignocellulose-based SOM-MFC performs relatively well
(0.3~2770+30 mW,/m?), the power output from lignocellulosic mate-
rials is still lower than those obtained from pure substrates. As demon-
strated in several studies [79,81], the low solubility in water or common
organic solvents, limit SOM-MFC performance. Here again, pretreat-
ment is recommended to break the structural and chemical complex-

ity of the lignocellulose biomass either through biological, physical, or
chemical methods. Based on a review of literature, microbial hydrolysis,
however, is the best method for the processing of lignocellulose biomass,
as it has the highest rates of hydrolysis and simple operating conditions.
Up to 100 times increase in power production was recorded in a system
where biological treatment was used [30,82]. We also find that utilizing
an inoculum with hydrolytic and electroactive microbial consortia can
increase the performance of lignocellulosic biomass in SOM-MFCs.

3.3.4. Biowastes biomass

The biowastes category refers to the various forms of food waste,
garden waste, dung, etc., and are generally difficult to dispose [83].
The main components of the majority of these biowastes are cellulose,
proteins, fats, starch, lipids, as well as inorganic components [84,85]
making them ideal carbon source substrates for MFCs. Based on the lit-
erature review, the best performing biowaste in MFCs are food waste,
potato process wastewater, and kitchen food waste. A detailed list of
the performance of different types of biowaste as the substrate in SOM-
MECs is presented in Suppl. Table 3, which shows that a wide range of
waste could be used in MFCs, especially waste from food. Besides, bio-
hydrogen fermentation pretreatment of food waste leachate inoculum
with heat-treated sludge displayed the highest maximum power density
of 1540 mW/m? [86].

Unlike previously discussed categories, we find that the main issue
with the use of biowastes in SOM-MFCs is their heterogeneity as this
can impact hydrolysis dynamics. We see from the literature to overcome
these limitations where most studies pretreat biowaste before usage in
SOM-MFCs. Notably, the best yield pre-treating methods currently avail-
able in the literature are biohydrogen fermentation and ultra-fast hy-
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drolyzation [86,87]. Choi et al. [86] improved the maximum PD to 1540
mW/m? by using biohydrogen fermentation, which is 1.28 times higher
than the acidogenic fermentation method (1205 mW/m?) [88] in batch
mode MFCs. Xin et al. [87] estimated about 74,390 tons of dry biofer-
tilizer and 192.5 million kWh electricity could be produced from the
food waste of Singapore annually by utilizing the ultra-fast hydrolyza-
tion method for pretreating food waste. Notably, since food wastes are
pervasive, it is surprising not to see large-scale applications.

Although different BW-MFCs have been developed, the large-scale
application still lags for a number of reasons. i) Higher pre-equipment
costs and lower environmental awareness make biowaste based MFC
difficult to promote; ii) The complex composition of biowastes require
more preparatory work, and different treatment methods are needed to
pretreat specific biowaste; iii) Low electricity generation with a large
span from 16 to 1540 mW/m? (Suppl. Table 3). Emerging studies
are focusing on the development of a BW-MFCs system with bioan-
ode/biocathode, for economic feasibility and large-scale production of
electricity [89,90]. However, until now no research articles reported the
way to process the residues after BW-MFC produces the power, while
the residues of BW-MFC could also be a kind of biowaste. Besides, elec-
trode corrosion is also a limited element for the long-term running of
BW-MFCs, which should also be considered in future research.

3.3.5. Natural solid-phase substrates

Solid organic substrates from the environment such as soil, plants,
and wetland can also be utilized as a fuel in MFCs. Designed according
to the characteristics of the substrates, natural solid-phase substrates are
the most sustainable type of MFCs.

3.3.5.1. Soil. Some of the most fascinating and interesting microorgan-
isms live in the soil, with approximately between 2,000 and 8.3 million
bacterial species per gram of soil [91] (Fig. 5j). The bacterial popula-
tion and organic matter content of soil are approximately 10° cells/g
and 100 mg/g, respectively [92]. All the different types of soil: clay,
sandy, silty, peaty, chalky, and loamy have been used in whole or part
of a mix in SOM-MFCs and it is the combination of the organic carbon
and microbial content in the soil that mostly determines the power out-
put in SOM-MFCs Fig. 6(c). However, the power generation of SMFCs
is around ten-fold lower than those of liquid-based MFCs (~80 mA/m?,
1000 Q vs ~800 mA/m?2, 1000 Q) [93,94], which limits their usage as a
power source. In general, however, due to the importance of soil reme-
diation, many SMFC studies are focused on the in-situ bioremediation
of refractory organic pollutants. SMFC is used to monitor pollutant toxi-
city and soil microbial activity, eliminate soil pollutants (phenol, petrol,
and oil), and mitigate methane emissions from paddy soil and sediment
[95,96]. A detailed list of SMFCs available in the literature is shown in
Suppl. Table 4.

Based on the literature review carried out, the major factors that
affect the performance of SMFCs in power generation include inter-
nal resistances, water content, dissolved oxygen, soil depth, and reac-
tor temperature. Also electrode design or choice affects performance
with graphite-based electrode proven to be optimal for SMFCs [97].
The influencing dominating factors, however, during remediation us-
age include the inherent characteristics of compound (hydrophilic-
ity, polarity, molecular weight, etc.), soil conditions (soil temperature,
type, moisture content, pH, salt content, etc.), microbial activity, and
species.

As bioremediation usage is more practical, it was determined from
the present literature that the following two factors must be critically
assessed. (i) The contaminated soil’s acidity/alkalinity could deterio-
rate electrode and catalyst materials performance especially during the
long period typical of bioremediation; (ii) the relative abundance of the
exoelectrogens in the microbial population since they have a direct re-
lationship with remediation efficiency. Research on the changes of mi-
crobial communities during the operation of SMFC such as monitoring
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functional genes, tracking the dynamic variety of main flora, etc. is rec-
ommended.

3.3.5.2. Plants. PMFC converts solar energy into bioelectricity indi-
rectly via the electrochemically active bacteria (EAB) at the rhizosphere
region of their roots [98]. In general, PMFCs consist of living plants, sup-
porting matrix (Fig. 5k), conductive anode, and cathode [98,99]. It also
can be seen as a type of biosystem, which has two structures, biocontrol,
and bioprocess. In the biocontrol structure, plants convert sunlight into
voltage by photosynthetic processes (Fig. 6(d)). In the bioprocess struc-
ture microbial communities use exudates to produce electricity via mi-
crobial metabolism [98]. Therefore, PMFCs produce bioelectricity with-
out the artificial addition of extra organic matter or nutrients due to the
photosynthetic processes [100]. Since 2008, when the feasibility of bio-
electricity from PMFC was first reported [101,102], many studies with
different plant species in PMFCs have been carried out (Suppl. Table
5).

Photosynthesis, the intensity and quality of light, rhizodeposits pro-
duction and availability, rhizobia microbial species, growth medium,
operation conditions, transport of compounds to the root, the absorp-
tion of exudates by bacteria, the reactor configuration, and oxygen re-
duction are the major parameters observed to influence the performance
of PMFCs. Notably, as evident in literature, the rate of photosynthesis,
amount of rhizodeposition, and energy recovery are the most important
parameters that improve the current and power densities of PMFC. Pho-
tosynthetic routes were observed to play an important role in the energy
efficiency of PMFCs with C4 plants, which convert CO, into 4-carbon
compounds, having the best performance, perhaps due to their superior
growth rates, photosynthetic efficiency and rhizodeposition. The sup-
porting matrix also plays an important role in PMFCs since this affects
the internal resistance between the electrodes and the diffusion of root
exudates to the anode. The supporting matrices used so far in PMFCs
include soils, paddy, wetland, sediments, etc. Wetlands and CW-MFC,
depicted in Fig. 51 & Fig. 6(e), are one of the most important supporting
matrix commonly used for the construction of PMFCs because of their
several properties such as water tolerance, presence of aerenchyma tis-
sues, and easy surface to root O, transport [103]. Coupling CW to MFCs
has several advantages, including methane emission reduction, contami-
nant removal, and are commonly referred to as the reactors of landscape
integration [104-106]. The direction of influent flow and the depth of
the wetland are the most critical factors affecting performance [107].
The first CW-MFC was reported by Yadav et al. [108]. Since then, sev-
eral CW-MFCs designs, including vertical flow subsurface system [109],
horizontal subsurface flow system [109], and surface flow system with
floating macrophytes [110] have been developed and tested. CW-MFCs
have also demonstrated high efficiencies in the elimination of contami-
nants such as nitrogen and phosphorus [111].

Low PD remains to be the main challenge of PMFCs, therefore, future
studies need to focus on performance optimization. This may involve
improving MFC design (configuration and electrode modification), se-
lection of unique plant species with larger rhizodeposits, use of genetic
isolation, and engineering technology to modify the EAB strains for more
efficient bioelectricity generation. Since PMFC, sediment-based MFC,
and CW-MFC have many similarities in principle, so many optimizations
and strategies can be replicated in both groups. Furthermore, it was ob-
served that as the reactor volume of the PMFC increased, the power den-
sity decreased significantly. Thus, novel methods are needed to improve
the ratio of electrode area or decrease the electrode spacing, as well as
maintaining the anode environment to improve the power generation
efficiency of CW-MFCs. Other suggested optimization strategies include
the inclusion of a filter to remove suspended solids to offer the anode
a higher ratio of soluble COD, increasing the salinity to achieve a low
internal ohmic resistance to improve the electricity generation [112]. It
is also recommended that the syntrophic relationship between fermen-
tative and electrophilic bacteria observed in several PMFCs studies be
further investigated.
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4. Applications besides bioelectricity production

Several other applications of SOM-MFCs were also found in pub-
lished literature. Notably, three broad categories: wastewater treatment,
remediation, and biosensing could be identified as recurring themes. Be-
low, we highlight top studies based on an analysis of performance within
the context of the application.

4.1. Wastewater treatment

SOM-MFCs with different types of substrates, as discussed in the pre-
vious section, have been employed in the treatment of diverse wastew-
aters. Cheng et al.[113] used aerobic granular sludge SOM-MFC to treat
epoxy reactive diluent wastewater and domestic wastewater. The COD
removal and maximum power densities were 77.8% and 63.6%, 408+26
mW/m? and 404+4 mW/m?, respectively. Nguyen et al. [114] treated
landfill leachate in algae cathode SOM-MFCs, with a removal efficiency
of 97%. Besides, PMFC has been shown to remove up to 100 % COD,
40 % nitrate, and 91% ammonium as shown by Oon et al. [115]. Re-
cent studies utilize multiple anodic chambers to improve the wastewater
treatment performance of SOM-MFCs. Yang et al.[75] utilized four pho-
tosynthetic MFC units, to achieve a 98 % ammonium removal efficiency.

4.2. Remediation

The application of SOM-MFCs in the remediation of contaminated
soil has attracted considerable attention in recent times. Yu et al.
[116] constructed an SMFC system to remediate polycycle aromatic hy-
drocarbons polluted soils, with the removal rates of anthracene, phenan-
threne, and pyrene at 54.2+2.7%, 42.6+1.9%, and 27.0+2.1%, respec-
tively. Li et al. [117] showed that the remediation performance of SMFC
could be improved with an increase in organic matter content, with an
increase in total petroleum hydrocarbon degradation rate by 200% in
one study. SOM-MFC systems can also be used to remediate heavy met-
als [118] due to the presence of electrotrophs (microorganisms that can
take up electrons directly from the cathode in a microbial electroly-
sis cell [119]) which contribute to the heavy metals reduction process
[120]. In SMFCs, Habibul et al. [121] reported the removal efficien-
cies of Cd ad Pb at 31 % and 44.1%, respectively, while Gustave et al.
[122] found that the total As concentrations decreased by 53.4%. As
noted, the use of SOM-MFCs as a remediation technology is promising,
especially with its ability to achieve accelerated decontamination, self-
sustained operation, and lower costs.

4.3. Biosensing

SOM-MFCs are also used as biosensors for detecting the presence
of several compounds [123]. The traditional biosensors are attached
to physical transducers to convert their output into an electrical sig-
nal, however, MFC biosensors do not need transducers [124]. SOM-MFC
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Fig. 7. The bacterial species in SOM-MFC
[24,30,67,113,140-155].
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biosensors are widely studied for use in monitoring biological oxygen
demand (BOD), COD, and toxicants [124-126]. Non-traditional biosens-
ing approaches based on SOM-MFCs are also emerging. Tapia et al.
[127] proposed a low-cost PMFC biosensor to test the relationship be-
tween water content and power production of green roofs. This work
showed that PMFC biosensors could be a suitable and more sustainable
alternative for monitoring water content in green roofs in semiarid cli-
mates. Then in an innovative study in 2018, Yoon et al. [128] built
a PMFC technique to monitor plant health, as a facile, cost-effective,
and rapid monitoring method, which utilized electrochemically active
bacteria (EAB) to oxidize plant exudates in the rhizosphere. Jia et al.
[129] explored a hybrid system integrating MFC-based biosensors with
upflow anaerobic sludge blanket (UASB) to investigate the internal op-
eration of the UASB reactor, which exhibited a better signal feedback
sensitivity and reproducibility when COD concentration changed.

In general, the use of SOM-MFC as biosensors is very limited due to
several challenges, including relatively expensive cathode catalysts, low
current generation, and long response time, and sensitivity to multiple
environmental factors.

5. Microbial populations in SOM-MFCs

Several populations of microorganisms can be found in different
SOM-MFCs, indicating that a great number of bacterial species can adapt
to these types of substrates. Few monoculture strains have been shown
to generate PD as high as mixed cultures but mixed communities are
the best performing to date leading to PD as high as 6.9 W per m? in
a study [130]. It can be said that because SOM already contains a rich
mixed flora, there is no need for rigorous inoculation. However, inocu-
lation can change the microbial community composition at the anode,
although other factors such as cathode types and operational proce-
dures may affect the microbial communities [131]. From the literature
reviewed, microorganisms such as Proteobacteria, Bacteroidetes, Firmi-
cutes, Chloroflex sp. and Geobacter were dominant in SOM-MFCs inocu-
lated with the widely used activated sludge/anaerobic sludge inoculums
[15]. Fig. 7 shows the distribution of dominant microbial populations
in the papers reviewed in this study. Bacteroides and Proteobacteria are
the two most abundant bacteria, following by Firmicutes, Chlorofiex sp.,
and Geobacter. It is interesting to find that Bacteroides and Proteobacteria
are both Gram-negative bacteria, and most of these microorgrams are
anaerobic bacteria or facultative aerobes. Thus, maybe anaerobic pre-
treatment of SOM could be helpful for the performance improvement of
SOM-MFCs.

6. Challenges and future potential of SOM-MFCs
6.1. Challenges and possible solutions

In the development of renewable energy sources, despite the limita-
tions of SOM-MFCs, due to the naturally low carbon source release rate
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and subsequent slower redox reactions, they still have a key role to play
in the realization of the potential contribution of bio-electrochemical
systems. This review provided a detailed overview of developments in
SOM-MFCs and highlights insightful areas for further research within
each category. Most importantly, as pointed out in this review, sev-
eral limitations are inherent. In summary, the seven main limitations
of SOM-MFCs apparent from this review include:

(@)
(b)
()
()]

Low coulombic efficiency;

High mass transfer resistance but low mass transfer rate;

High internal resistance;

Low biodegradation/hydrolysis rate of SOM carbon source sub-
strates;

Slow microbial reactions at low temperature;

Potential for biofouling;

High cost of cation exchange membranes;

Lack of uniform normalization parameters to compare the results
of different studies.

(e)
®
(€3]
(h)

Based on our analysis of the papers covered in this review, future
studies can generally improve the performance of SOM- MFCs by con-
sidering:

(a) The design, improvement, and stabilization of the energy har-
vesting systems in SOM-MFCs are important. Optimization of the
choice of electrode materials and MFC design configurations -
for example, usage of low cost, high-performance electrodes, cat-
alysts and exchange membranes, larger anodic or stacked com-
partments;

Development of new and efficient pretreatment methods of SOM
carbon source substrates;

Further optimization of SOM-MFC carbon source substrates to im-
prove mass transport. Researchers should especially pay attention
to their choice of carbon source substrate (should pretreatment
be needed) while exploring several types of carbon source sub-
strates;

A combination with other electrochemical technologies (e.g.
MEC, hydrogen-powered fuel cell) to develop multi-functional
and large-scale SOM-MFCs. Beyond laboratory tests, more SOM-
MFC studies need to be designed to examine integration with
other emerging fields to make the most impact. For example,
SOM-MFC integration with other Internet of Things (IoT), Arti-
ficial Intelligence tools as well as agriculture especially towards
methane reduction are viable approaches that can have an im-
mediate impact;

Genetic engineering of microorganisms found in SOM-MFCs to
improve electron transfer efficiency;

All research articles have their own result parameters, such as
voltage density, power density and current density according to
unit volume or anode surface. Thus, the absolute power density
data and normalized data should be provided in research articles
to make readers understand more accurately and make it possible
to compare different work.

(b)

()

@

(e)

®

6.2. Future potential and conclusion

Since SOM-MFCs can last for several years due to their slow-release
carbon source while producing an electrical output without any input
of external/additional energy, they can be used in many environments.
This effectively means that SOM-MFCs can have multiple practical appli-
cations in the future such as powering small electronics as a power sup-
ply for a biosensor in the field, as part of a group of more complex and
multifunctional SOM-MFC sensors, and a combination with other forms
of renewable energy generation, including solar power in highly forested
areas. Furthermore, as electroactive microorganisms found in SOM-
MEFCs utilize the same carbon source substrates used by methanogenic
organisms in many cases (particularly in low carbon source substrate
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concentrations and low temperatures under 20°C) the rate and produc-
tion of methane can be regulated by integrating SOM-MFC components.
Such an approach could mean integration with methanogenic digesters
(which were already adapted in wide commercial applications) or use
in controlling methane emission from plants. SOM-MFC could also be
incorporated with methanogenic anaerobic digestion technology to ex-
pand its scale, improve its efficiency and application in the future. Inno-
vative ideas such as incorporating disinfectant properties into SOM-MFC
that digest household wastes are examples of future applications that
may help improve sanitation in some countries and regions, especially
in the developing world.

Overall, based on the findings in this review, it can be concluded
that SOM-MFCs are promising avenues for achieving the potential of
bio-electrochemical systems, although several optimization efforts, as
well as more studies focused on practical utilization, are needed.
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